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Temperature is one of the main factors affecting aflatoxin (AF) biosynthesis in Aspergillus flavus. Previous studies showed that AF biosynthesis is elevated in A. flavus at temperatures between 28°C-30°C, while it is inhibited at temperatures above 30°C. However, little is known about the metabolic mechanism underlying temperature-regulated AF biosynthesis. In this study, we integrated metabolomic and lipidomic analyses to investigate the endogenous metabolism of A. flavus across 6 days of mycelia growth at 28°C (optimal AF production) and 37°C (no AF production). Results showed that both metabolite and lipid profiles were significantly altered at different temperatures. In particular, metabolites involved in carbohydrate and amino acid metabolism were up-regulated at 37°C on the second day but down-regulated from days three to six. Moreover, lipidomics and targeted fatty acids analyses of mycelia samples revealed a distinct pattern of lipid species and free fatty acids desaturation. High degrees of polyunsaturation of most lipid species at 28°C were positively correlated with AF production. These results provide new insights into the underlying metabolic changes in A. flavus under temperature stress.

KEYWORDS
 Aspergillus flavus, aflatoxins, metabolomics, lipidomics, temperature


1. Introduction

Aflatoxins (AFs) are highly toxic secondary metabolites produced by certain fungal species, such as Aspergillus flavus and Aspergillus parasiticus. AF-producing fungal species are distributed worldwide, especially in warm and humid regions. Climate change can significantly affect AFs production on many crops, posing a significant challenge to the safety of staple food commodities worldwide (Bai et al., 2015; Medina et al., 2017a). Several crops, such as corn, rice, wheat, peanuts, and cotton, are susceptible to Aspergillus species before and after harvest, leading to AF contamination (Caceres et al., 2020). AFs are harmful to the liver, kidneys, heart, brain, and nervous system in humans and livestock and may cause immunosuppression and carcinogenesis (Han et al., 2019). In addition, global economic losses from AF contamination are estimated to be in the hundreds of millions of dollars, with corn and peanuts being the most severely affected crops (Tian et al., 2021).

Environmental factors such as nutrient sources, light, pH, drought, temperature, and oxidative stress, affect the growth of AF-producing fungal species and AF biosynthesis (Kebede et al., 2012; Caceres et al., 2020). Temperatures are considered to be a primary factor affecting AF outbreaks in corn, peanut, and other crops; experiments using peanuts grown under drought stress and controlled temperature showed that high levels of AFs were produced under 29°C (Klich, 2007). Further studies found that water activity and temperature affected the expression of aflR and aflS, two AF gene cluster-specific regulators, and that temperature was the key factor involved in regulating AFB1 biosynthesis (Schmidt-Heydt et al., 2010). Previous studies have also shown that pH changes can affect the production of AF and sterigmatocystin by Aspergillus species, and that the PacC signaling pathway is involved in pH sensing (Tilburn et al., 1995). Early studies have found that AF production was highest at 28–30°C in A. flavus, but declined significantly as the ambient temperature approached the optimal growth temperature (37°C) (O'Brian et al., 2007).

A series of omics based studies have examined the mechanisms underlying temperature-regulated AF biosynthesis in A. flavus. Transcriptomics analysis of A. flavus showed that differentially expressed genes between the samples grown at 28°C and 37°C that were highly responsive to temperature changes were enriched in the “small molecule catabolic process,” “organic acid catabolic process,” “carboxylic acid catabolic process,” “fatty acid metabolic process,” and “amine catabolic process” categories (Bai et al., 2015). In particular, transcriptomic studies showed that genes involved in AF biosynthesis, such as the transcriptional regulators, aflR and aflS, were down-regulated at temperatures higher than 28°C (Bai et al., 2015; Han et al., 2019; Tian et al., 2021). Proteomics analysis of A. flavus grown at 28°C and 37°C revealed that temperature-regulated proteins were mainly involved in translation-related pathways, metabolic pathways, and the biosynthesis of secondary metabolites (Bai et al., 2015). Tandem mass tag-based quantitative proteomic analysis of A. flavus grown in liquid and solid media at different temperatures showed that the regulation of AF biosynthesis is a complex process involving many factors, such as nutrient uptake, degradation of valine, leucine and isoleucine, G protein signaling pathways, and oxidative stress (Wang et al., 2019; Wu et al., 2022).

In previous studies, the effects of temperature on AF biosynthesis have been investigated from transcriptomic and proteomic perspectives. Specifically, the results have shown that the metabolism of carbohydrates, amino acids, fatty acids, and the biosynthesis of secondary metabolites in A. flavus were regulated by temperature. However, the transcriptomes and proteomes do not reflect changes in metabolite levels. Hence, in this study, we conducted metabolomics and lipidomics analyses of mycelia grown at 28°C and 37°C across 6 days. The metabolomic data showed that temperature significantly regulated primary metabolism in A. flavus. On the second day, the level of most primary metabolites was higher at 37°C than at 28°C. Subsequently, the content of metabolites declined more rapidly at 37°C with time. The lipidomics and targeted fatty acids analyses revealed distinct patterns of unsaturation in fatty acids and lipid side chains at 28°C and 37°C. These results provide new insight into the metabolic changes underlying temperature-regulated AF biosynthesis.



2. Materials and methods


2.1. Fungal strains and biochemical experiments

A. flavus strain A3.2890, obtained from the China General Microbiological Culture Collection Center at the Institute of Microbiology, Chinese Academy of Sciences, was used for all experiments conducted in this study (Yan et al., 2012, 2015). Sixty μL of A. flavus spore suspensions stored at −80°C in glycerol was pre-cultured on potato-dextrose agar plates at 37°C for 4 days. Mature spores on the surface were harvested and resuspended in sterile distilled water containing 0.05% Tween 20 (Sigma, St. Louis, United States), diluted to a series of spore densities after counting with a haemacytometer. Two mL of spore suspensions of desired density were added to 18 ml GMS liquid media, cultured on a shaker (180 rpm) at 28°C or 37°C in the dark as described (Yan et al., 2012) with an initial spore density of 0.8 × 106 spores/mL. The measurements of dry weight, glucose, kojic acid, and AFs in GMS media were performed according to protocols described previously (Yan et al., 2012, 2015). The NH4+ content in GMS media was measured using a Multi N/C (2,100 S) analyzer (Avila et al., 2017).



2.2. Gas chromatography-tandem mass spectroscopy (GC–MS)-based metabolomic analysis

Metabolomes were analyzed for mycelial samples grown for two, three, four, five, and six days at 28°C and 37°C, respectively. There were five biological replicates for each sample. Mycelia were lyophilized, and metabolites were extracted from mycelial samples as previously described (Yan et al., 2017). Firstly, 1 mL of extraction solvent 1, including methyl tert-butyl ether and methanol (3:1, vol/vol), was added to extract mycelial samples, which contains 1,2-diheptadecanoyl-sn-glycero-3-phosphocholine (50 μL of a 1 mg/mL stock solution in chloroform), and 13C-Ribitol (1 mg/mL stock solution) added as internal standard for the LC–MS analysis of lipidomic, and GC–MS analysis of primary metabolites, respectively. Secondly, the mixed samples were incubated on an orbital shaker for 10 min and sonicated for 15 min. Then a volume of 500 ml of extraction solvent 2, including water and methanol (3:1, vol/vol), was added to the samples for phase separation. The extract was centrifuged at 23,128 g for 10 min at 4°C. A fixed volume of 150 μL of the polar phase (the lower phase) and one fixed volume of 500 μL of the unpolar phase (the upper phase) was transferred into a pre-labeled 1.5 mL microcentrifuge tube, respectively. Then the samples were dried in a SpeedVac concentrator without heating. For primary metabolite profiling, a dried 150 μL aliquot from the lower phase was derivatized using N-methyl-N-(trimethylsilyl) trifluoroacetamide and analyzed with GC–MS (7890A-5975C, Agilent Technologies Inc., Santa Clara, CA, United States) as previously described (Yan et al., 2018). One μL was taken from each sample and injected into GC–MS at 270°C in a split mode (50: 1) with helium carrier gas (> 99.999% purity) flow set to 1 ml/min and separated by a DB-35MS UI (30 m × 0.25 mm, 0.25 μm) capillary column. The temperature was isothermal for 4 min at 90°C, followed by an 8°C per min ramp up to 205°C, then held for 2 min, and finally ramped up at a rate of 15°C per min to 310°C, held for 2 min. The transfer line temperature was set to 300°C, and the ion source temperature was set to 230°C. The mass range analyzed was from m/z 85 to 700. One dried 500 μl aliquot of the unpolar phase in each sample was analyzed using LC–MS for further lipidomics study.



2.3. Targeted fatty acids analysis using GC–MS

Mycelia were lyophilized and extracted by ultrasonication for 30 min with 1.5 mL mixed solvents, including chloroform and methanol (2:1, v/v). After the centrifugation at 14,000 rpm for 10 min, 1 mL of supernatant was transferred to a tube with 200 μL 0.75% (m/v) KCl solution, vortexed for 15 s, centrifuged at 14,000 rpm for 10 min. Then 400 μL chloroform phase was transferred to a new glass vial for methylation using 2.0 ml sulfuric acid and methanol solution (5:95, v/v) at an 85°C water bath for 1.5 h. After cooling to room temperature, 1 mL water and 1 mL hexane were added to the mixture immediately, shaken, and centrifuged at 3,000 rpm for 10 min, then 200 μL extract from the n-hexane phase was injected into a GC–MS instrument (7890A-5975C, Agilent Technologies Inc., Santa Clara, CA, United States) set at 340°C in split mode (50: 1) with the helium carrier gas (> 99.999% purity) flux set at 1 mL/min as previously described (Yan et al., 2018), and separated by a DB-5MS UI column (30 m in length; 250 μm internal diameter, 0.25 μm film thickness; Varian, United States). The temperature was held isothermally for 3 min at 100°C, followed by a 4°C per min ramp up to 240°C, then held for 20 min.



2.4. Liquid chromatography (LC)-MS-based lipidomic analysis

Lipidomes were analyzed for the same mycelial samples grown for two, three, four, five, and six days at 28°C and 37°C, respectively. There were five biological replicates for each sample. A dried aliquot from the upper phase of the system described in the GC–MS-based metabolomics section was resuspended in 200 μL UPLC-grade ACN:2-propanol: dichloromethane (1:1:1, v/v/v), then analyzed using an LC–MS system equipped with reverse-phase liquid chromatography (Dionex, Thermo-Fisher Scientific, San Jose, CA, United States) and a high-resolution Orbitrap Fusion MS system (Thermo-Fisher Scientific, San Jose, CA, United States) (Yan et al., 2021). Five μL of each sample was eluted using a CORTECS® C18 column (150 mm × 2.1 mm, 2.7 μm, Waters) with a 0.4 ml/min flow rate. The mobile phase A was water: ACN (40: 60, v/v) with 0.1% formic acid and 10 mM ammonium formate, and the mobile phase B was 2-propanol: ACN (90:10, v/v) with 0.1% formic acid and 10 mM ammonium formate. The compounds were separated by an elution gradient: 20% B was firstly maintained for 0.2 min, then linearly decreased to 60% B from 0.2 to 2 min, to 100% B from 2 to 9 min, and maintained at 100% B from 9 to 10 min, then linearly increased to 20% B from 10 to 10.5 min followed by equilibration at 20% B for 3.5 min. The spray voltage was set to 3,500 and − 3,000 V in the positive-and negative-ion modes, respectively, with the following ion-source properties: sheath gas, 45 Arbs; auxiliary gas, 10 Arbs; sweep gas, 0 Arbs; ion-transfer tube temperature, 320°C; vaporizer temp, 350°C. All FTMS data were acquired using the following conditions: detector type, orbitrap; orbitrap resolution, 120,000; scan range was set to m/z 200–1,200. The AGC was set at 5.0 e5, and the maximum injection time was set to 100 ms. RF lens was set to 60%, and the microscans was 1; data type, profile. All FTMS2 data were acquired using the following conditions: isolation mode, quadrupole; isolation window, 1 m/z; detector type, orbitrap; scan range, auto; AGC target, 5.0 e4; maximum injection time, 100 ms; microscans, 1; orbitrap resolution, 30,000; first mass, 50 m/z; data type, profile. The HCD collision energy was set to 25% with ± HCD collision energy set to 5% in positive mode, and the HCD collision energy was set to 30% with ± HCD collision energy set to 5% in negative mode. All data was acquired by the Xcalibur 4.1 software (Thermo Fisher Scientific, United States). Thermo Scientific™ LipidSearch™ 5.0 software and SIMCA-P 13.0.3 (Umetrics, Umea, Sweden) software were used for lipidome data processing and multivariate statistical analysis, respectively.



2.5. Metabolomic and lipidomic data analysis

The metabolomic data were analyzed as described in our previous study (Yan et al., 2018, 2021). Specifically, GC–MS raw data were first evaluated and deconvoluted using MassHunter Qualitative Analysis B.06.00 software (Agilent Technologies Inc., Santa Clara, CA, United States). The peak integration and alignment were processed using MassHunter Quantitative Analysis B.07.01 software (Agilent Technologies Inc., Santa Clara, CA, United States). For metabolite identification, the NIST mass spectral library (version 11) and an in-house mass spectral database established using authentic standards were adopted (Yan et al., 2021). LipidSearch 5.0 software (Thermo-Fisher Scientific, Tokyo, Japan) was used for peak picking, alignment of peaks among multiple samples, and identification of lipid molecular species (Yan et al., 2021). The relative contents of metabolites, fatty acids and lipid species were normalized with QC samples prior to statistical analysis.



2.6. Statistical analysis

Statistical analyses were performed using R 1 Following log2 fold change (Log2FC) calculation and analysis of variance (ANOVA), metabolites that differed significantly between experimental groups (p < 0.05) were compared. FDRs were calculated for multiple pair-wise comparisons to estimate significant differences of a metabolite above the value of p cut-off. Compounds whose levels showed significant differences (p and FDR < 0.05) for at least 1 day between mycelial samples grown at 28°C and 37°C and with Log2FC values greater than two were normalized to the mean of the samples grown at 28°C to generate heat maps (McLoughlin et al., 2018). For multivariate statistical analysis, orthogonal partial least squares discrimination analysis (OPLS-DA) of metabolomic and lipidomic data was performed using the corresponding functions in MetaboAnalystR 3.2 (Pang et al., 2020). The pathways analysis was completed with the Pathway Analysis module based on the default quantitative enrichment analysis method and the human KEGG database (Kanehisa et al., 2017). For pathway meta-analysis, the combined p-values were computed using the p-values from the 2nd to 6th days and the mean p method in the metap package in R. The combined enrichment ratios were the average of the enrichment ratios from the 2nd to 6th days (Pang et al., 2021).



2.7. Gene expression analysis by quantitative reverse transcription PCR (qRT-PCR)

Gene expression level in A. flavus mycelial samples was measured by qRT-PCR. There were three biological replicates per sample. Total RNA was extracted from frozen mycelial samples that had grown for two, three, four, or five days at 28°C and 37°C, using the TaKaRa MiniBEST Plant RNA Extraction Kit (TaKaRa, Japan) following the manufacturer’s instructions. Complementary DNA (cDNA) was synthesized from 500 ng of total RNA per sample using a HiScript-II Q RT SuperMix for qPCR (+gDNA wiper) Kit (Vazyme, Biotech Co., China) following the manufacturer’s instructions. qRT-PCR was then performed using ChamQTM SYBR®qPCR Master Mix (Vazyme Biotech Co., China) in a CFX connect system (Bio-Rad, United States) and primers listed in Supplementary Table S1. The specificity of amplification was confirmed based on the melting curve. Relative gene expression was calculated using the 2−ΔΔCt method (Livak and Schmittgen, 2001) with β-tubulin as the internal control.




3. Results


3.1. Active mycelial growth at 37°C and active AF production at 28°C

To examine the physiological effect of temperature on A. flavus, we measured mycelia growth, AF productions, and the content of glucose, NH4+, AFs, and kojic acid in media at 28°C and 37°C on a daily basis for 6 days. As expected, the dry weight of mycelia increased more rapidly at 37°C over the first 3 days, and glucose and NH4+ levels decreased more rapidly at 37°C and reached very low levels on the third day (Figures 1A,B), which was consistent with previous findings that mycelial growth is faster at 37°C, therefore carbon and nitrogen sources in the media are rapidly consumed (Liu et al., 2017; Han et al., 2019). In addition, the production of AFs and kojic acid was observed on the second and third days, respectively, and levels of them peaked on the fourth day at 28°C (Figure 1C). In contrast, negligible AFs and kojic acid production were recorded at 37°C (Figure 1C). To further confirm the low production of AFs at 37°C, we measured the AF production in both the mycelia and media of A. flavus strain cultured at 28°C and 37°C during a six-day period. The thin-layer chromatography (TLC) results showed that at 28°C, the production of AFs was observed in both mycelia and media samples from days three to six, while no AFs were detected at 37°C across the whole 6-day period (Supplementary Figure S1). These observations suggest that 28°C is more conducive to AF production, whereas 37°C is more conducive to mycelial growth over the first three days.
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FIGURE 1
 The physiological effect of temperature on Aspergillus flavus. (A) Mycelia phenotypes after 3 days of incubation and mycelia dry weight over 6 days. (B) Glucose and NH4+ contents in GMS media across 6 days. (C) The contents of AFs and kojic acid in GMS media across 6 days.




3.2. Amino acid and carbohydrate metabolism is activated at 37°C during The early stage of mycelial growth

To characterize and compare the metabolic profiles of mycelia samples cultured at 28°C and 37°C from two to six days (T28-2d to T28-6d and T37-2d to T37-6d), GC–MS-based metabolomic analysis was performed for mycelia samples of A. flavus. A total of 140 metabolites were detected (Supplementary Table S2). Among them, 76 metabolites were conclusively identified based on an in-house mass spectral database established using authentic standards, including 25 amino acids, 23 carbohydrates, four fatty acids, 13 organic acids, seven tricarboxylic acid cycle (TCA) intermediates, and four other compounds (Figure 2A). Amino acids (33%) and carbohydrates (30%) constituted the largest class of identified metabolites among the total identified components.

[image: Figure 2]

FIGURE 2
 Multivariate statistical analysis of metabolomic data from A. flavus. (A) The classification and proportion of identified metabolites in A. flavus were obtained using GC–MS. (B) OPLS-DA score plots of GC–MS data for the T28 and T37 mycelia samples collected on the 2nd to 6th days. (C) Heat map showing Log2FC values for 50 metabolites differentially accumulated between T28 and T37 mycelia samples growth from the 2nd to 6th days. The relative abundance of each metabolite was normalized to the mean value from the T28 samples on different days.


As shown in Figure 2B, metabolite profiles of mycelia samples collected on different days could be distinguished, although the T28-2d and T28-3d samples showed a slight overlap; samples cultured at 28°C were clearly separated from samples collected on the same day at 37°C, implying that the large metabolic difference was mediated by temperature. In addition, compared to the T28 samples, metabolites in the T37 samples collected from days two to four were relatively dispersed, which indicated that the metabolic changes occurring during the first four days of growth at 37°C were greater than those at 28°C. These results were consistent with the rapid nutrient consumption observed in T37 samples during the first four days (Figure 1A). Among the detected metabolites, the relative levels of 50 metabolites differed significantly between 28°C and 37°C, including 24 amino acids, 11 carbohydrates, one fatty acid, six organic acids, seven TCA-related metabolites, and one other compound (Figure 2C). Specifically, the relative contents of amino acids and TCA cycle intermediates were significantly up-regulated at 37°C on the second day (Figure 2C), then gradually down-regulated from days three to six.

To examine the biological functions of the differentially accumulated metabolites, pathway analysis using the quantitative enrichment method based on their annotations and a meta-analysis on the pathway level were performed. The pathway-level p-values were further integrated to produce a final ranked list of enriched pathways. As shown in Figure 3A, the top five significantly enriched metabolic pathways, included pyruvate metabolism, TCA cycle, glyoxylate and dicarboxylate metabolism, alanine, aspartate and glutamate metabolism, and glycerolipid metabolism. Moreover, the significance of differences in these enrichment pathways was most significant on the second day, then gradually decreased. Most metabolites involved in the TCA cycle and amino acid metabolism were up-regulated at 37°C on the second day (Figure 3B); the relative content curves of these metabolites also peaked on the second day and decreased over time, except for pyruvic acid, fumaric acid, and oleic acid (Figure 3C). The results also suggest that metabolic activity is activated at 37°C, which is in line with the rapid mycelial growth observed at 37°C.

[image: Figure 3]

FIGURE 3
 Pathway analysis and meta-analysis between the T28 and T37 mycelia samples. (A) Enrichment analysis and pathway meta-analysis of differentially accumulated primary metabolites. The enriched pathways were ranked using the pathway-level p-values (Meta.p). (B) An overview of metabolites involved in primary metabolism, showing the differences in metabolite levels among the T28-2d and T37-2d samples. (C) The relative content curves of primary metabolites. Significance was determined by the t-test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.




3.3. Unsaturation of lipid side chains is significantly altered by temperature

Previous studies have shown that lipids and fatty acids, such as oleic acid identified in the metabolomics analysis, play important roles in regulating AF production (Priyadarshini and Tulpule, 1980). LC–MS-based lipidomic analysis was performed on the abovementioned mycelial samples to investigate the temperature-based regulation of lipids. A total of 837 and 316 lipid peaks were detected in the positive and negative ion modes, respectively (Figure 4A and Supplementary Tables S3 and S4). A total of 256 unique lipid species were identified based on their MS/MS spectra. Among them, there were 123 triglycerides (TGs), 37 phosphatidylcholines (PCs), 20 phosphatidylethanolamines (PEs), 19 phosphatidylinositols (PIs), 17 phosphatidylserines (PSs), 13 lyso-PCs (LPCs), 12 diglycerides (DGs), ten ceramides (Cers), five digalactosyldiacylglycerols (DGDGs), four lyso-PEs (LPEs), two sulfoquinovosyldiacylglycerols (SQDGs), two monogalactosyldiacylglycerols (MGDGs), two lyso-PIs (LPIs), one lysophosphatidylglycerol (LPG), and one lipopolysaccharide (LPS) (Figure 4B).
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FIGURE 4
 Multivariate statistical analysis of lipidomic data from A. flavus. (A) Bar diagrams showing the number of peaks detected and lipids identified by LC–MS both in the positive and negative ion modes. (B) The number of identified lipid species in different classes. (C) OPLS-DA score plots of lipidome in mycelia samples detected by LC–MS in the positive ion mode. (D) OPLS-DA score plots of lipidome in mycelia samples detected by LC–MS in the negative ion mode. (E) Heat map showing Log2FC values for 58 lipids differentially accumulated between the T28 and T37 mycelia samples.


To capture differences in lipid contents between mycelia samples, OPLS-DA was performed for lipidome data obtained in positive and negative ion modes. The lipidome data obtained in the positive ion mode could be clearly distinguished between samples at different temperatures and days (Figure 4C). Similar to the metabolite profiles derived from GC–MS data, T37 samples over the growth stage were relatively dispersed compared to T28. The lipidome data obtained in the negative ion mode showed poor dispersion over the growth stage, but differences between temperatures were clearly distinguished (Figure 4D). 58 lipids, including PCs, PIs, PEs TGs, etc., significantly differentially accumulated between the T28 and T37 samples (Figure 4E). The up-and down-regulated lipids in the T37 samples contained various lipid classes, such as PCs and TGs, suggesting no significant correlation between the regulated lipid classes and temperature. However, cluster analysis of the differentially accumulated lipids revealed a unique pattern in their side chain compositions at different temperatures. Lipids with saturated fatty acid side chains (C16:0, C17:0, C18:0, etc.) were significantly up-regulated in T37 samples, while lipids with polyunsaturated fatty acid side chains (C18:2, C18:3, etc.) were significantly down-regulated. This changing pattern was similar across samples taken on days two to six. These results demonstrated that the composition of lipid side chains in A. flavus was greatly affected by temperature.



3.4. Temperature induced alterations of fatty acid unsaturation patterns are similar to that of lipid side chains.

To further investigate changes in endogenous fatty acids in mycelia at different temperatures, we performed a GC–MS-based fatty acid analysis, and a total of 46 fatty acids were detected in the mycelia samples (Supplementary Table S5). Among them, 17 fatty acids were conclusively identified based on an in-house mass spectral database established using authentic standards. The results showed that on the second to fifth days, the contents of most saturated fatty acids were higher in the T37 samples compared with T28 samples, except for methyl palmitate (C16:0) and methyl tridecanoate (C13:0) (Figure 5A and Supplementary Figure S2). On the second to fourth days, the contents of fatty acids containing one carbon–carbon double bond were also higher at 37°C than at 28°C. Conversely, the level of methyl linoleate (C18:2), a fatty acid containing two carbon–carbon double bonds, was significantly higher at 28°C than at 37°C over the entire growth stage. The levels of another identified fatty acid containing two carbon–carbon double bonds, methyl linolelaidate (C18:2), were slightly lower in the T28 samples on the second to third days but higher on the fourth to sixth days. These results indicate that the degree of free fatty acid unsaturation decreases with increasing mycelia growth temperature in a manner similar to the temperature-based changes observed for side-chain unsaturation of lipids.
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FIGURE 5
 Effects of temperature on the contents of fatty acids and the fatty acid metabolism-related genes expression. (A) The relative contents of fatty acids quantified by GC–MS. Significance was determined by the t-test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (B) the Log2FC of gene expression levels of fatty acid desaturases as measured via qRT-PCR.


To further examine the effects of temperature on the expression of fatty acid desaturase genes in A. flavus, qRT-PCR experiments were performed. The results showed that the expression of omega-6 fatty acid desaturase and Delta8-sphingolipid desaturase was down-regulated at 37°C (Figure 5B), which corroborates the increased levels of saturated fatty acids and lipids with saturated side chains observed at 37°C.




4. Discussion

A. flavus strains can produce a class of highly toxic and carcinogenic secondary metabolites, known as AFs, and the effects of climate change on their growth and AFs production are a vital point of concern. Previous studies have shown that temperature can regulate the growth and AF biosynthesis of A. flavus. For example, A. flavus produced the most AFs at 28°C and almost no AFs at 37°C (O'Brian et al., 2007; Yu et al., 2011; Bai et al., 2015; Liu et al., 2017). Most studies explored the effects of temperature on the regulatory mechanisms underlying A. flavus growth and AF biosynthesis from the perspective of transcriptomic and proteomic analyses, and showed that many metabolic pathways in mycelia, including carbohydrate metabolism, amino acid metabolism, and the biosynthesis of secondary metabolites, were regulated by temperature (O'Brian et al., 2007; Yu et al., 2011; Bai et al., 2015; Liu et al., 2017; Han et al., 2019; Wang et al., 2019; Tian et al., 2021). However, a detailed metabolomic description is lacking.

Previous studies on metabolomics and lipidomics of different fungi have revealed that amino acids, carbohydrates and lipids metabolism were related to the fungi’s response to environmental factors. For example, several studies showed that amino acid metabolism, carbohydrate metabolism, and the TCA cycle were involved in the fungal response to temperature stress (Puig-Castellvi et al., 2018; Zhao et al., 2020). The metabolomic analysis of Saccharomyces cerevisiae under low, optimal, and high temperatures showed that the level of some metabolites involved in amino acid, carbon, and sugar metabolism was high in cells grown at optimal or high temperatures, respectively, while several metabolites involved in oxidative phosphorylation and purine metabolism were also considered to be related to conditions of optimal growth (Puig-Castellvi et al., 2018). The lipidomic analysis of S. cerevisiae identified several classes of lipids, such as DGs, TGs, phospatidic acids (PAs), PCs, phosphatidylglycerols (PGs), PIs, PSs, inositol phosphate ceramides (PI-Cers), and found that the level of lysophospholipids, PC, and CE were high at optimal growth temperature (Puig-Castellvi et al., 2018). The transcriptomic and lipidomic analysis of A. oryzae revealed that lipid metabolism was involved in its response to temperature stress, and the level of triacylglycerol, PEs, and phosphoribosyl was significantly decreased at low temperatures (Jiang et al., 2022). Furthermore, the lipidomic analysis of Neurospora crassa and its mutant strains with deleted genes that code for the enzymes involved in the sphingolipid glucosylceramide (GlcCer) biosynthesis showed a clear knock-out specific alteration of the level of ceramide and GlcCer, while the level of PC, PE, and PI were unchanged in different strains, suggesting the specific lipid phenotype of the mutant strains (Huber et al., 2019). These results demonstrated that amino acids, carbohydrates and lipids metabolism play significant roles in the response of fungi to environmental factors.

Hence, in this work, we performed a comprehensive metabolomic, lipidomic and fatty acid analysis of A. flavus growth at different temperatures. Consistent with previous transcriptomic and proteomic analyses, our biochemical experiments showed that the production of AFs and kojic acid was abundant at 28°C but hard to detect at 37°C. In addition, the metabolomic analysis revealed that differentially accumulated metabolites were significantly enriched in the amino acid and carbohydrate metabolism pathways. Compared with other metabolite classes, changes in amino acids and TCA-related intermediates were more profound, with 96 and 100% of the identified amino acids and TCA-related intermediates being differentially accumulated. Previous proteome analysis showed that alanine, aspartate and glutamate metabolism, tyrosine metabolism, glycine, serine and threonine metabolism, and arginine and proline metabolism in A. flavus were significantly altered by temperature (Wang et al., 2019). In line with these results, our study showed that these pathways were greatly enriched between mycelia samples grown at 28°C and 37°C. Additionally, amino acid metabolism has complex effects on AF biosynthesis, and amino acids such as asparagine, aspartate, alanine, glutamate, and proline have been proposed to support AF production, while tryptophan inhibits it (Yu, 2012). The results suggested that the TCA cycle, which was found to play essential roles in regulating AF biosynthesis (Georgianna and Payne, 2009; Falade et al., 2018), as well as amino acid metabolism, was also involved in the temperature based-regulation of AF biosynthesis. In addition, carbohydrate metabolism, including pyruvate metabolism, glyoxylate and dicarboxylate metabolism, etc., connects the metabolism of other nutrients with the metabolism of glucose, increasing the production of a precursor, acetyl-CoA, for both AF and fatty acids biosynthesis. Hence, the up-regulation of pyruvate metabolism and glyoxylate and dicarboxylate metabolism on solid media was proposed to be an important reason for promoting AF production (Wang et al., 2019). Here, our results revealed that these metabolic pathways were up-regulated at 37°C on the second day, while AF production was inhibited.

Among factors reported to regulate AF biosynthesis, fatty acids and lipids have attracted much attention, as Aspergillus species are more likely to produce AFs after infecting crops with high oil content (Tiwari et al., 1986; Fanelli and Fabbri, 1989; Reddy et al., 1992; Severns et al., 2003). Compared to defatted seeds, unprocessed seeds promote AF production, suggesting fatty acids promote AF biosynthesis, or the ratio of carbon and nitrogen sources in the culture conditions changes the metabolism in A. flavus (Reddy et al., 1992; Mellon et al., 2000). In addition, the supplementation of stearic acid (C18:0), oleic acid (C18:1), or linoleic acid (C18:2) to sugar-containing media was found to inhibit AF biosynthesis (Schultz and Luedecke, 1977). However, Pyiyadarshini and Tulpule found that unsaturated fatty acids like C18:1 and C18:2 inhibit AF biosynthesis, while saturated fatty acids such as myristic acid (C14:0), palmitic acid (C16:0) and C18:0 promote it (Priyadarshini and Tulpule, 1980). Our previous studies revisited the effects of fatty acids on the production of AFs and showed that both the saturated C18:0 and the polyunsaturated linolenic acid (C18:3) promoted AF biosynthesis (Yan et al., 2015). These studies suggest that C18:1 and C18:2 inhibit, and C14:0, C16:0, and C18:3 promote the production of AFs, while the role of C18:0 in regulating AF biosynthesis is controversial between different studies (Schultz and Luedecke, 1977; Priyadarshini and Tulpule, 1980; Yan et al., 2015).

Nevertheless, these results imply that the degree of unsaturation of fatty acids may be important. Previously, Qu et al. performed the lipidomic profilings of A. flavus upon the treatment of antifungal compound carvacrol and found that carvacrol had a significant inhibitory effect on AFB1 production and lipids with unsaturated side chains, such as, TG (18:2/17:2/18:2), TG (18:3/18:2/18:3), TG (18:2/18:2/16:2), were significantly downregulated in a dose-dependent manner (Qu et al., 2021). In this work, we found that the degrees of unsaturation of both free fatty acids and the side chains of lipids changed in a distinct pattern dependent on temperature, with the degree of unsaturation being higher at the low temperature (28°C). In fact, A. flavus strains produced the most AFs at 28°C, suggesting that endogenous unsaturated fatty acids and lipids with unsaturated side chains may have roles in promoting AF biosynthesis. These findings may not be directly comparable to previous observations due to several factors, such as the difference between externally supplied and endogenous synthetic lipids or fatty acids, the limited number of fatty acids supplied in the media, and the fact that experimental conditions varied between studies.

Consistent with our findings, previous studies showed that fatty acid and lipid metabolism were significantly enriched pathways in A. flavus in response to temperature change (Bai et al., 2015; Medina et al., 2017b; Han et al., 2019). Medina et al. showed that the unsaturated fatty acid biosynthetic process and fatty acid beta-oxidation were enriched in A. flavus in response to interactions between water activity and temperature (Medina et al., 2017b). Transcriptomic analysis revealed that several genes encoding fatty acid synthase, oxygenase, and elongase, including those belonging to the AF gene cluster, aflB, and aflA, were temperature-regulated (Medina et al., 2017b; Han et al., 2019). In addition, fatty acid and lipid catabolism are linked to glucose and amino acid catabolism and help to produce more acetyl-CoA, a precursor of AF biosynthesis (Shi and Tu, 2015; Wang et al., 2019). These results suggest that lipids or fatty acids may play multiple roles in regulating AF production.

Furthermore, the oxidation of fatty acids or lipids is also an important factor affecting their functions. Lipid peroxidation was found to be involved in AF biosynthesis, and the presence of polyunsaturated fatty acids increased both the peroxidation of lipids and the production of AFs (Fanelli and Fabbri, 1989; De Luca et al., 1995; Bircan, 2006). Our previous studies showed that linolenic acid promotes AF biosynthesis while linolenic acid-derived oxylipins inhibit it (Yan et al., 2015). Additionally, lipid oxidation has previously been found to cause oxidative stress (Almeida et al., 2009). Previous studies demonstrated that oxidative stress is an essential factor in regulating AF biosynthesis, such that ROS modulators, lipid antioxidant (BHA) and dithiothreitol (DTT) significantly inhibited AFB1 production (Grintzalis et al., 2014; Caceres et al., 2020). Scarpari et al. showed that deletion of the Aflox1 gene, coding for an Mn-dependent lipoxygenase in A. flavus, inhibited the synthesis of HPODEs and AFs, the inhibition of HPODEs synthesis may reduce the level of oxidative stress (Scarpari et al., 2014). Tian et al. also found that oxidative stress significantly affects lipid metabolism in A. flavus (Tian et al., 2021). These results suggest that fatty acid and lipid metabolism, oxidation, and oxidative stress may cooperatively regulate AF biosynthesis in A. flavus.

In summary, the results of metabolomic and lipidomic analyses of A. flavus showed that temperature significantly affects amino acid and carbohydrate metabolism in mycelia. More importantly, at 28°C, the temperature at which mycelia produce AFs, the degree of unsaturation of free fatty acids and the side chains of lipids was higher compared to 37°C. Our findings and previous results suggested a potential mechanism for how A. flavus produces AFs at low temperatures. That is, at low temperatures, the desaturation metabolic pathways of fatty acids and lipids are activated and result in a large amount of polyunsaturated fatty acids and lipids with polyunsaturated side chains. These unsaturated fatty acids and lipids could be oxidized (Dominguez et al., 2019), and cause oxidative stress in mycelia, thereby activating AF biosynthesis. Overall, further exploration of the regulatory mechanisms underlying fatty acid and lipid metabolism, oxidation, and oxidative stress in A. flavus are warranted as related findings, which may provide new strategies for AF prevention and control.
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